The optical loss of graphene can be tuned by shifting its Fermi level. We demonstrated that this tuning can be used for in a high-speed optical modulator at telecommunication wavelength.
Introduction to modulators.
Data communications have been growing at a speed even faster than Moore's Law, with a 44-fold increase expected within the next 10 years. To accomplish this increase, new technologies based on optical communication have been developed, and new designs including light sources, modulators, and photodetectors have been proposed and demonstrated 1, 2 . An ideal optical modulator will require high modulation speed, small device footprint, large operating bandwidth and also acceptable thermal tolerance. Silicon modulators based on free carrier plasma dispersion effect 3 and compound semiconductors utilizing direct band gap transition have seen rapid improvement over the past decade. One of the key limitations for using silicon as modulator material is its weak refractive index change, which limits the footprint of silicon Mach-Zehnder interferometer modulators to hundreds of micron meters. Other approaches such as silicon microring modulators reduce the operation wavelength range to around 100 pm, meanwhile are highly sensitive to typical fabrication tolerances and temperature fluctuations. Growing large, high quality wafers of compound semiconductors, and integrating them on silicon or other substrates is expensive, which also restricts their commercialization 4-6 . In this work, we demonstrate that graphene can be used as the active media for electroabsorption (EA) modulators. By changing the carrier density inside graphene, we can dramatically tune its Fermi level and change the absorption coefficient. We achieved a modulation ability of 0.1 dB/μm along a 40-μm-long silicon waveguide, covering wavelengths from 1.3 to 1.6 μm. The 3 dB bandwidth of the device is 1.2 GHz.
Results and discussion
Figure 1shows the schematic structure of the graphene modulator. Firstly, a silicon bus waveguide was prepared from a silicon-on-insulator (SOI) wafer. This silicon waveguide worked also as a back gate for the graphene. A 50-nm-thick silicon Si layer was used to connect the silicon bus waveguide and one of the gold electrodes. 6-nm-thick Al2O3 was then deposited on top of the waveguide by atom layer deposition (ALD) as gate oxide. A graphene sheet grown by chemical vapor deposition (CVD) was then mechanically transferred onto the silicon waveguide. With A Polymethylmethacrylate (PMMA) been was then patterned on the device to protect the graphene on the waveguide and between waveguide and Pt electrode, while the excessive graphene is then removed by oxygen plasma etching. When the drive voltages added between the graphene and silicon waveguide, charges in the graphene will be changed. Owing to the low electronic density of states in graphene, Fermi level can be shifted as large as 0.5 eV. When the graphene is charged by positive charges, the Fermi level is lowered, as shown in the left inset of Figure 2 . There is no electron available for the interband transition, and thereby the absorption of the material is zero. If the graphene is not charged, the Fermi level is in the middle of the band structure, close to the Dirac point. The incident light can excite the electrons. When the graphene is negatively charged, the Fermi level is higher than half of the photon energy, there is no state available for the electrons to be excited to. Therefore the ideal absorption in this case is zero again. We achieved ~0.1 dB/μm modulation depth for a 250-nm-thick silicon waveguide.
To measure the dynamic response of the graphene modulator, radio frequency (RF) signals generated by a network analyzer was added on a static V D and applied to the modulator. The same 1.53 µm laser was used to test the modulator, and the out-coupled light was sent to a high-speed photodetector. Shown in Figure 4 are the V D dependant RF responses of the graphene modulator, showing gigahertz operation of the device at various drive voltages. Owing to the exceptionally high carrier mobility and saturation velocity of graphene, the bandwidth is not limited by the carrier transit time, but by the parasitic response of the device. With the platinum electrode placed 500 nm away from the waveguide, the total resistance of the system is reduced to around several hundred ohms. This resistance, together with the capacitance on the order of 0.5 pF, limits the operation bandwidth of the present device to giga-hertz. To conclude, we demonstrated that the graphene-based optical modulator has exhibited broad optical bandwidth (1.35-1.6 µm), small device footprint (25µm 2 ), and high operation speed (1.2 GHz at 3dB) under ambient conditions, all of which are essential for optical interconnects for future integrated opto-electronic systems. The modulation efficiency of a single layer of hexagonal carbon atom is already comparable to, if not better than, traditional semiconductor materials such as Si, GeSi and InGaAs, which are orders of magnitude larger in active volume. By incorporating multi-layer graphene sheets, the modulation efficiency can be increased even further. The flexibility of graphene sheets could also enable radically different photonic devices. For example, it can be integrated with flexible substrate and plastic waveguides. Or it could be used in novel geometries such as core-shell modulator of nano-optical cable. The recent development of large scale graphene synthesis and transfer techniques ensure its comparability with the existing integrated electronics platform
